ABSTRACT: Ubiquitination is crucial for many cellular processes such as protein degradation, DNA repair, transcription regulation, and cell signaling. Ubiquitin attachment takes place via a sequential enzymatic cascade involving ubiquitin activation (by E1 enzymes), ubiquitin conjugation (by E2 enzymes), and ubiquitin substrate tagging (by E3 enzymes). E3 ligases mediate ubiquitin transfer from E2s to substrates and as such confer substrate specificity. Although E3s can interact and function with numerous E2s, it is still unclear how they choose which E2 to use. Identifying all E2 partners of an E3 is essential for inferring the principles guiding E2 selection by an E3. Here we model the interactions of E3 and E2 proteins in a large, proteome-scale strategy based on interface structural motifs, which allows elucidation of (1) which E3s interact with which E2s in the human ubiquitination pathway and (2) how they interact with each other. Interface analysis of E2−E3 complexes reveals that loop L1 of E2s is critical for binding; the residue in the sixth position in loop L1 is widely utilized as an interface hot spot and appears indispensible for E2 interactions. Other loop L1 residues also confer specificity on the E2−E3 interactions: HECT E3s are in contact with the residue in the second position in loop L1 of E2s, but this is not the case for the RING finger type E3s. Our modeled E2−E3 complexes illuminate how slight sequence variations in E2 residues may contribute to specificity in E3 binding. These findings may be important for discovering drug candidates targeting E3s, which have been implicated in many diseases.
■ INTRODUCTION
Protein modification by ubiquitin (ubiquitination) is a key mechanism for controlling many cellular processes such as protein degradation, DNA repair, signal transduction, transcription, immunity, endocytosis and cell death. Ubiquitination is achieved by a sequential enzymatic cascade of ubiquitinactivating (E1), ubiquitin-conjugating (E2), and ubiquitinligating (E3) enzymes. 1 In the human genome, there are only two known E1s, 2 which are conserved across different species while there are multiple E2s and many more E3s. Ubiquitin is activated by an ATP-dependent E1 and transferred to E2. E3s recognize specific target substrates and catalyze the ubiquitin transfer from the E2 to the substrate. Ubiquitin can be conjugated to the substrate as a monomer on one (monoubiquitination) or more substrate lysines (multiubiquitination) or as a polymer (polyubiquitination) by forming ubiquitin chains. 3 There are three types of E3 ligases based on the protein families they belong to: Homologues of E6AP Carboxy Terminus (HECT), Really Interesting New Gene (RING), and the UFD2 homology (U-box) family proteins. HECT is a domain of ∼350 amino acids. It has a bilobal structure, in which the N-terminal lobe contains the E2-binding site, and the C-terminal lobe confers catalytic activity. The conserved Cys residue in the C-terminal lobe forms thioester bonds with ubiquitin. 4 The RING finger domain is formed by a short motif rich in histidine and cysteine residues that coordinate zinc atoms in a cross-brace structure, characterized by a central α-helix and variable-length loops separated by small beta strands. 5 The U-box domain constitutes a relatively small family of E3s and is similar to the structure of the RING domain with the exception that it lacks the conserved histidine and cysteine residues. 6 The ubiquitination mechanisms for these three E3 classes differ. For HECT domain E3s, the ubiquitin is first transferred from E2 to the active site residue of HECT E3, with subsequent transfer from E3 to the substrate protein. For RING and U-box type E3s, ubiquitin is directly transferred from E2 to the substrate without an E3 intermediate linkage. The E2 family is characterized by the presence of a highly conserved 150−200 amino acid catalytic core domain, which consists of four α-helices, a short 3 10 helix and a fourstranded, antiparallel β-sheet 7, 8 ( Figure 1A ). The β sheet forms a central region bordered by helices, and there are two loop regions, L1 and L2, that are located at the C-terminal to β-strands 1 and 3. 8−10 These loop regions show a high level of flexibility and are involved in E3 selection and binding.
8 E2 families are distinguished by minor sequence differences in the core and amino and/or carboxyl terminal extension domains. 3 On the basis of these, they are classified into four groups. Class I E2s consist only of the catalytic core domain. In addition to the core domain, Class II and Class III E2s contain amino terminal and carboxyl terminal extensions, respectively. Class IV E2s contain both amino and carboxyl terminal extensions. 10 Currently, there is a limited number of known E2s (∼40 in human); however, the number of known E3s is increasing rapidly (∼500 or more have been proposed to exist in human), 11−13 which suggests that one E2 can recognize several different E3s.
14 E2 and E3 proteins are known to function combinatorially ( Figure 2) ; however, the principles determining the E2−E3 selectivity are unclear and in many cases it is not known which E3s interact with which E2s. 15 The first structural clues of E2−E3 interaction specificity were obtained from the crystal structure of the E3 ligase c-Cbl RING and UBE2L3 16 ( Figure 1B) . Two loop regions, L1 and L2, of UBE2L3 are in contact with the α-helix and zinc-chelating loops of the RING domain. The central F63 residue in loop L1 and P97 and A98 in loop L2 of UBE2L3 mediate its binding to c-Cbl. In addition, the c-Cbl linker region interacts with α-helix 1 of UBE2L3. 16 In another study, CNOT4 RING finger binding to the ubiquitinconjugating enzyme UBE2D2 was found to be highly selective. 17 Charge-alteration of residues E49 of CNOT4 and K63 of UBE2D2 results in altered specificity of a functional E2−E3 enzyme pair. 17 In one experimental approach, twohybrid experiments were performed to identify E2 partners of Brca1 ubiquitin ligase. Brca1 was found to interact with multiple different E2s and to possess unique ubiquitin-transfer properties depending on the E2 used. 18, 19 In another study, in vivo cross-linking methods were used to identify HRD1 (HMGCoA reductase degradation) ubiquitin ligase interactions. 20 Two large-scale studies have recently addressed this E2−E3 identification problem: Wijk et al. 21 performed a global yeasttwo hybrid screen and uncovered over 300 high quality interactions; Markson et al. 22 combined yeast two-hybrid screens with homology modeling methods to generate a map of human E2−E3 RING interactions.
Although these studies identified new E2−E3 pairs, the nature and structural details of the interactions in the ubiquitin system are lacking. Here, we aim to model the human E2−E3 interactions on a large, proteome scale and to obtain an insight into their interaction specificity. To carry out this study, we have used Prism, 23−25 which employs a highly efficient strategy to predict protein associations based on interface structural motifs. The Prism rationale argues that if any two proteins contain regions on their surfaces that are similar to complementary partners of a known interface, in principle these two proteins can interact with each other through these regions. This knowledge-based strategy, which utilizes structural and evolutionary similarity, is made more physical and biologically relevant by including flexibility and energetic assessment in the modeling. This is achieved by using FiberDock, 26 a flexible docking refinement server. Using Prism, we have constructed a human structural E2−E3 network consisting of 107 predicted interactions among 22 E2s and 16 E3s. Thirty-six percent of our predicted interactions were reported in earlier studies as interacting pairs; however, how they interact has been unclear. We first observed that E3 proteins could interact with multiple E2s and likewise E2 proteins could interact with multiple E3s, which is expected. However, analysis of the modeled interfaces of E2−E3 putative complexes revealed some structurally conserved residues that are present in almost all interfaces and as such are likely to be indispensible for E2 binding. Comparison of the E2-HECT domain E3 and E2-RING domain E3 interfaces suggests that the E2 loop L1 residues confer specificity in binding to different E3s. The structural E2−E3 network in this study, together with interface analysis, provides a resource for future studies of ubiquitination and E2−E3 selectivity.
■ MATERIALS AND METHODS

Template and Target Data Set
In this study, we predict and model complexes based on the known interfaces in a template data set. To construct the template data set, we extract all known E2−E3 complexes in the ubiquitination pathway from the PDB. 27 There are 9 available E2−E3 complex structures which are listed in Supporting Information , Table S3 .
The target data set (Supporting Information, Table S4 ) contains the E2 and E3 protein structures among which we want to uncover possible interactions. The list of ubiquitin ligases (E3) and ubiquitin conjugating enzymes (E2) related to the human ubiquitination pathway are obtained from the KEGG database 28 and available 3D structures are extracted from the PDB. There are 24 E2 proteins, 20 RING finger type E3, 9 HECT type E3 and 3 U-box type E3 proteins with threedimensional protein structures. Among these, Prism algorithm predicts interactions between 22 E2 and 16 E3 proteins (Supporting Information, Table S4 ). 
Prediction Algorithm
The prediction algorithm is composed of four consecutive steps ( Figure 3) : extraction of the surface of target proteins, structural alignment, collision check and flexible refinement. In the first step, surface regions of the target proteins are extracted using Naccess 29 based on the relative accessible surface area of the residues. If the relative surface accessibility of a residue is more than 15%, then it is labeled a surface residue. In the second step, each interface in the template data set is split into its chain components. Using the MultiProt engine, 30 our algorithm searches whether the target surfaces are structurally similar to complementary partners of a template interface. At least 40% of the residues of template chains should be matched to the target surface residues to pass to the next step. If the template chains contain less than 50 residues, this threshold is 60%. In addition to the structural similarity, evolutionary similarity between the template and target surfaces is assessed; at least one hot spot in each template partner should match with the target surface. In the third step, each target protein is transformed onto the corresponding template interface to form the complex structure. After the transformation, the colliding residues are checked; if two partners have more than five spatially colliding residues, then the match is eliminated. At this step, side chain collisions are not considered and left to the last step for a more accurate treatment. The last step is the flexible refinement (backbone and side chain) of the predicted complexes using FiberDock 26 to resolve the steric clashes and rank the predicted complexes according to their calculated global energy. FiberDock uses both low and high frequency normal modes and models the backbone and side-chain movements according to the binding van der Waals forces between the receptor and ligand. We assign the larger protein chain to be the receptor and the smaller to be the ligand. In the side chain optimization, only clashing interface residues are considered as movable and 20% of clashes between the side-chain atoms are allowed. Following the refinement process, FiberDock calculates a global energy for each predicted complex. The putative complex structures with a global energy less than −10 kcal/mol are included in the human structural E2−E3 interaction network.
Interface Analysis
Interface regions of putative E2−E3 complexes are analyzed using the Hotpoint server, 31 which uses an efficient method to determine computational hot spots based on conservation, solvent accessibility and statistical pairwise residue potentials of the interface residues. Hot spots are critical residues at the interface which account for the majority of the binding free energy. 32 Structure-based multiple sequence alignment of human E2s are obtained from Christensen et al. 19 and interface and computational hot spot residues are displayed. Computational mutagenesis analysis is performed using FoldX algorithm. 33 First, the putative complex structures are subjected to an optimization procedure using the repair function of FoldX. Next, quantative estimations of the binding affinities of the wild-type and mutants are obtained by the PositionScan function.
■ RESULTS AND DISCUSSION
Interactions between ubiquitin-conjugating (E2) and ubiquitinligating (E3) enzymes are essential for ubiquitination ( Figure  2 ). Here we computationally model E2−E3 interacting pairs in the human proteome on a broad scale to obtain the interaction network between all E2s and E3s whose structures have been determined, and in particular, to obtain structural insight into E2−E3 selectivity based on the large set. Modeling the structural network provides data not only relating to which E2s interact with which E3s but also to how they interact. Analysis of these interactions may yield patterns that distinguish between the E2 and E3 interaction classes.
In the following sections, first we explain how we constructed the human structural E2−E3 interaction network and present its topological characteristic. Next we provide an analysis of E2−E3 interfaces. We then describe the patterns that we observed and hypothesize that they may play a role in E2−E3 specificity.
Constructing a Human Structural E2−E3 Interaction Network
Incorporating protein structural information into networks is crucial for understanding the details of the interactions. Here, using the available structural proteome, we construct a human structural E2−E3 interaction network. First we compile the available structures for E2 and E3 proteins in the human ubiquitination pathway; there are 24 E2 proteins, 20 RING finger type E3, 9 HECT type E3 and 3 U-box type E3 proteins. To uncover possible interactions among these E2 and E3 proteins, we use our efficient prediction algorithm Prism. 23−25 Prism has proven useful in our previous studies in the construction of pathways 34 and characterization of interactions 35 and networks. 36 On a docking benchmark, 37 Prism method is validated: it efficiently finds high-quality models for 87 out of 88 benchmark complexes and their binding regions (Tuncbag et al., in press ). Prism exploits structural and evolutionary similarities, and a template interface data set which consists of known protein−protein interfaces. On the basis of these, it predicts potential interactions between target proteins. In this study, the known E2−E3 interfaces from the PDB constitute the template interfaces. Figure 3 presents a schematic representation of the Prism algorithm that is composed of four consecutive steps. In the first step, the surface regions of the target proteins are extracted. In the second step, each template Figure 2 . Ubiquitination mechanism. The ubiquitination process starts with the activation of ubiquitin by an E1 enzyme that then transfers it to the E2 protein. E2 together with ubiquitin bind to E3 protein ligase which interacts with the target substrate through another region. E3 ligase assists in ubiquitin transfer from E2 onto the substrate. The ubiquitin transfer mechanism depends on the E3 type; for HECT domain E3s, ubiquitin is first transferred from E2 to the active site residue of HECT E3, with subsequent transfer from E3 to the substrate protein whereas for RING and U-box type E3s, ubiquitin is directly transferred from E2 to the substrate without an E3 intermediate linkage.
interface is split into the complementary partner chains and the partners are structurally aligned with the surfaces of the target proteins by the MultiProt engine. 30 Forty percent of the residues of template chains should match the target surfaces to pass to the next step. Besides the structural similarity, evolutionary similarity between target surface and template interface is assessed: at least one hot spot in each template partner should correctly match with the target surface. In the third step, target proteins are transformed onto the template interface and if the residues of the target partners collide (interpenetrate), then these pairs are eliminated. The last step is flexible refinement of the rigid docking solutions of MultiProt to remove steric clashes, refine and rank the predicted complexes according to the global energy using FiberDock. 26 FiberDock considers both side chain and backbone flexibility.
The resulting network, which consists of Prism predictions, contains 107 interactions between 38 proteins and they are listed in Supporting Information, Table S1 . There are 22 E2 proteins, 9 RING-finger domain E3, 5 HECT-domain E3 and 2 U-box domain E3 proteins. Among these 22 E2s and 16 E3s, the number of all possible E2−E3 pairs is 352 (i.e., 22 × 16), out of which Prism predicts 107 to be interacting and leaves the remaining 245 as unfavorable E2−E3 pairs. Out of 352 possibilities, 51 pairwise E2−E3 interactions were already Figure 3 . Schematical illustration of the Prism algorithm. In the first step, surface regions of target proteins are extracted. In the second step, each template interface is split into the complementary partner chains and the partners are structurally aligned with target protein surfaces by the MultiProt engine. 30 This concept is visualized here: Ube3a-UBE2L3 (PDB code: 1c4z:AD) is one of the complexes in our template interface set. When target proteins are structurally aligned with Ube3a and UBE2L3, an E3 ligase Huwe1 (PDB code: 3g1n:A) is found to have a structurally similar binding region to that of Ube3a. Likewise, one of the E2 proteins; UBE2D1 (PDB code: 2c4p:A) has a similar binding region to that of UBE2L3. Then, in principle, these two proteins Huwe1 and UBE2D1 can interact with each other through these regions. Predicted complexes are assessed in the third step: target proteins are transformed onto the template interface and if the residues of the target partners collide, these pairs are eliminated. In the last step, to obtain biologically more relevant interactions, flexible refinement of the rigid docking solutions of MultiProt is performed using FiberDock 26 and the predicted complexes are ranked according to the calculated global energy.
reported in earlier studies. Although information related to noninteracting E2−E3 pairs is limited, a detailed literature survey showed that 24 E2−E3 pairs were reported to be negative (listed in Supporting Information, Table S5 ). We recover 76% (39/51) of the known pairs through 107 predicted interactions verifying 36% (39/107) of the network (labeled in Supporting Information, Table S1 ). Of the 24 E2−E3 interactions reported as negative, 75% (18/24) are labeled as unfavorable by Prism. On the basis of known E2−E3 interaction data, the accuracy of our predictions is 76% ((39 + 18)/(51 + 24)), which indicates that the predicted E2−E3 interactions are in agreement with validated functional E2−E3 pairs. The Prism method depends on the coverage of known interface architectures and at the time of this study, there are only 9 E2−E3 known complex structures in the PDB. Because the size and coverage of the PDB increases exponentially, we expect the prediction efficiency of Prism to increase.
Topological Characteristic of the Structural E2−E3 Interaction Network
In terms of network topology, since the network is structural and the structural database is incomplete, it is not a typical scale-free protein−protein interaction network and does not follow a power law distribution; however, it is a connected network with an average degree of 5.6. As we noted above, we observe that E3s interact with multiple E2s and likewise E2 proteins interact with multiple E3s. Some of the E3s and E2s have many interaction partners raising the possibility that they are "adaptable" and multifunctional. Among the E2s, UBE2D (UbcH5) family proteins show the highest number of interactions, consistent with previous findings that UbcH5 is active with most E3s. 19 These E2s are involved in degradation of misfolded and short-lived proteins and their orthologs Ubc4 an Ubc4 in Saccharomyces cerevisiae have been shown to be functionally redundant. 38 Such redundancy among UBE2D E2s would be a physiological advantage because it protects the ubiquitination networks from genetic perturbation. 22 Another highly interacting E2 in our network is UBE2N, which is involved in Lys63 ubiquitin chain assembly. 39 In contrast, E2s such as UBE2F, UBE2S, UBE2G1 and UBE2Q1/2 are involved in very few interactions. In comparison to previous E2−E3 RING interaction networks constructed by yeast two-hybrid screens, 21, 22 we encounter similar topological trends: E2s showing a high number of E3 interactions are reported to be UBE2N, UBE2D and UBE2E families, 21, 22 while UBE2F, UBE2S and UBE2G1 have only a few interactions. 22 Thus, it appears that while some E2s such as the UBE2D family may function in the majority of the ubiquitination events in human cells, 22 others such as UBE2F, which is known to conjugate ubiquitin-like protein NEDD8, are less important in maintaining the integrity of the ubiquitination network. 21 Different patterns of substrate ubiquitination lead to different substrate fates. Monoubiquitination can regulate DNA repair, endocytosis and gene expression, whereas polyubiqutination through Lys48 ubiquitin chains generally results in proteasomal degradation, and Lys63-linked ubiquitin chains can function in endocytosis and signaling. 40 Although mechanisms that control lysine selection in substrates are not clearly identified, structural aspects of E2−E3 pairs and their binding to the substrate appear to be important. 41 A RING E3 can utilize different E2s that have different linkage specificities, 42 and its activity is more likely to depend on the nature of the E2s which are present. 19 However, for HECT E3s, the chain linkages of the substrate are usually determined by the E3 itself. 43 In our network, we observe that highly interacting RING and HECT E3s would mediate mono-and poly ubiquitination, indicating that they play roles in a broad range of cellular processes. Chain linkage properties of E2s and E3s (if available) are listed in Supporting Information, Table S4 . We find that Ube3a, a HECT protein ligase, for which several substrates are identified including p53, Mcm7 and cell cycle regulator Cdkn1b, has 17 E2 partners. Ube3a specifically favors Lys48-linked polyubiquitination 43 and thus mediates degradation of cytoplasmic misfolded proteins. 44 As a multifunctional protein ligase, it is conceivable that Ube3a can interact with several ubiquitin-conjugating E2s, which are all able to catalyze Lys48-linked chains. We also predict Ube3a to be interacting with Sumo-conjugating enzyme UBE2I, which was reported earlier, 45 although the sumoylation function of Ube3a was not clearly identified. Ube3a mediates the ubiquitination of Pml (promyelocytic leukemia protein) tumor suppressor, 46 which is also known to undergo sumoylation required for nuclear body formation. 47 Thus, in addition to ubiquitination of Pml, Ube3a may function as an E3 mediating the sumoylation of Pml. Another highly interacting HECT E3 is Smurf2, which can induce degradation of receptorregulated R-Smads and R-Smad bound partners, 48 mediating TGFβ signaling via ubiquitination of the receptors or inhibitory Smad7 adaptor. 49 Smurf2 is widely expressed in tissues. In addition to its ubiquitin-conjugating function, we predict that it interacts with Sumo-and Nedd8-conjugating E2s, UBE2I and UBE2M, respectively. In the TGFβ signaling pathway, Smad4 is known to be sumoylated in the presence of UBE2I, which results in the redistribution of Smad4 to subnuclear speckles. 50 Thus, Smurf2 may also interact with UBE2I in this pathway. For Huwe1, a recently identified HECT E3 implicated in the regulation of cell proliferation, apoptosis and DNA damage response, 51−53 most of the E2 partners are not yet identified. We predict that UBE2C, -D1, -D2, -D3, -J2 and -L6 could be possible E2 partners. HECT E3s usually prefer to interact with E2s containing a phenylalanine at position 62 (by UBE2D1 numbering). We observe that all predicted E2 partners of Huwe1 contain a phenylalanine at this position except UBE2C, which has a tyrosine residue. Since both phenylalanine and tyrosine are hydrophobic residues, 54 and since UBE2C is similar to UBE2D1 in forming multiple different ubiquitin linkages, 55 we hypothesize that UBE2C would be a possible partner of HECT E3s. Considering the RING E3s, c-Cbl is a highly interacting ligase with 12 E2 partners in our network. cCbl, which targets numerous substrates, has both monoubiquitination (facilitating endocytosis, 56 lysosomal degradation 57 ) and polyubiquitination activities. In our network, in addition to UBE2D and UBE2L family interactions as described in the literature, and other polyubiquitin catalyzing E2s, c-Cbl is also found to interact with UBE2B, which may catalyze monoubiquitination of substrates targeted by c-Cbl. For another RING E3, Brca1 (Breast cancer type 1 susceptibility protein), although multiple different E2 partners, possessing unique ubiquitination activities, were identified in a yeast two-hybrid study by Christensen et al., 19 Prism predicts only three interactions (with UBE2B, -I and -N) and the latter two were reported before. Brca1 represents a special group of E3 enzymes which function as a heterodimeric complex with Bard1.
18 Brca1 binds E2s and is an active E3 ligase only in association with Bard1. Christensen et al. 19 tested the Brca1-Bard1 RING domains for E2 interactions and several E2 partners: UBE2D1, -D2, -D3, -E1, -E2, -I, -K, -L3 and -N were detected. However, yeast two-hybrid screening with isolated Brca1 was shown to yield different E2 interactions from screening with fused Brca1-Bard1 dimers. 21 The reason we observe a limited set of E2s and many E2s as unfavorable for Brca1 is that we only considered a single Brca1 domain. A detailed analysis of the E2−E3 interactions is given in the next section.
Analysis of the E2−E3 Interaction Interfaces
The principles of selectivity between E2 and E3 proteins are still largely unclear. The factors that play a role in determing which E2 would bind E3 include (i) the substrate physiological/chemical state; that is, whether its concentration is too high, or it is damaged, etc.; (ii) the local concentration of the E2, which is affected by for example, its subcellular localization or distribution in tissues; and (iii) the E2 conformational state, which is determined by, for example, its post-translational modifications. 58, 59 All factors change dynamically with the fluctuating cellular conditions. Here we focus on preferred interactions from the structural standpoint. Below, we present an analysis of the interfaces of the E2−E3 complexes.
General Trends in E2−E3 Binding
Analysis of the interfaces of E2−E3 pairs is expected to reveal which residues are conserved among E2s interacting with a common E3 and which residues differ. Such analysis may provide clues to specificity. For each E2−E3 pair in our network, we analyzed the interacting interfaces and predicted hotspot residues at the interfaces using the Hotpoint server. 31 The critical residues at the interface account for the majority of the binding energy are called hot spots. 32 The Hotpoint server determines computational hot spot residues based on conservation, solvent accessibility and statistical pairwise residue potentials of the interface residues. The predicted hot spots are observed to match with the experimental hot spots with an accuracy of 70%. 31, 60 The E2 proteins which have been characterized so far are known to recognize E3s through the L1 and L2 loops and the N-terminal α-helix 1 on the E2 surface. 61 In particular, loop L1 has been shown to be critical in E3 binding. Loop L1 residues phenylalanine at position 62 and lysine at position 63 of UBE2D2 have been observed to bind to RING E3s c-Cbl 16 and CNOT4.
14 In our network, E2 interface residues also mostly correspond to the α-helix 1, loop L1 and L2 regions. Considering all of the E2 interfaces, there seem to be some structurally conserved residues in E3 binding. We observe that the sixth residue of loop L1 (phenylalanine 62 by UBE2D2 numbering) is a critical residue in E3 binding which frequently acts as a hotspot. In addition, the fifth residue in α-helix 1 (arginine 5 by UBE2D2 numbering) and the Ser-Pro-Ala motif in loop L2 (UBE2D2 labeling) mostly participate in the E3 binding. Earlier work has also shown the importance of the SerPro-Ala motif in E2s binding to U-box E3 CHIP 62 and RING E3 Brca1. 19 These residues are found in almost all E2 interfaces in our network, which suggests that they could be indispensible for E2 binding to an E3. To investigate whether these residues are structurally conserved among the E2 family, we used the ProBIS algorithm, 63 which detects structurally conserved regions of a protein by local structural alignments through ∼23000 nonredundant PDB structures based on geometry and physicochemical properties. UBE2D1 (PDB code: 2c4p) is the query protein. 57 similar structures are found. The α-helix 1 residues Arg5 and Glu9, loop L1 residues Tyr60, Pro61, Pro64 and Pro65, loop L2 residues Trp 93 and Ser94 are observed to show high structural conservation. The Phe62 residue in loop L1, which we frequently observe in the E2−E3 interface in our netwok, is found to be moderately conserved. Thus, E2 family proteins can employ these conserved residues to interact with different E3s. Interface and computational hotspot residues on α-helix 1, loop L1 and L2 regions of E2s are provided for all E2−E3 interactions in the Supporting Information, Table S2 .
For HECT E3s, which are composed of two subdomains connected by a flexible peptide linker, the C-terminal lobe contains the catalytic cysteine and the N-terminal lobe contains the E2 binding region. 4 For Huwe1, in the E2 binding region (residues 4150−4200), 10 important residues for E2 binding were identified: F4153, G4156, L4157, Y4159, L4160, Y4170, L4172, V4178, Y4206 and C4211. 51 Our Huwe1-E2 models indicates that Huwe1 utilizes most of these residues when interacting with its E2 partners. In particular, 6 of these residues (F4153, L4157, L4160, Y4170, L4172 and Y4206) are identified as hotspot by Hotpoint server. Similarly, for other HECT E3sNedd4l, Smurf2, Ube3a and Wwp1our interface modeling and computational hotspots are in good agreement with experimental data obtained in previous works. 51, 64, 65 From the RING E3 perspective, for c-Cbl, Trp408 and Ile383 residues were shown to have a critical role in E2 binding. 16 The side chain of Trp408 is exposed to the solvent in the E2 binding cleft and hyrophobic residues are often found in an equivalent position in other RING E3s. 42 In each of our c-Cbl-E2 models, both Trp408 and Ile383 are labeled as hotspots by the Hotpoint server, indicating their importance in binding. Another study showed that mutation of Trp408 to alanine reduces c-Cbl's affinity for the E2 and eliminates its ubiquitin-ligase activity in vitro. 66 For the Traf6-UBE2N complex structure, seven residues within the RING domain of Traf6, Glu69, Pro71, Ile72, Leu74, Met75, Ala101 and Pro106, were found to contribute significantly to E2 binding. 67 Among these, Ile72 and Leu74 were completely buried at the interface and contribute the most surface areas. 67 In our Traf6-E2 models, these residues reside at the interface although their contribution to binding differs, probably depending on the E2 partner present. Most of these residues are labeled as hotspots (especially Ile72 and Leu74). A comparison of HECT and RING E3s interacting with E2s is given in the next section.
HECT E3s Utilize Loop L1 of E2s Distinctively from the RING Finger-type E3s
As we noted above, ubiquitin transfer mechanisms differ among the E3 families. Here, we investigate whether this distinctive mechanistic feature, that is, of ubiquitin forming an intermediate with the HECT domain before being transferred to the substrate, is also observed in HECT E3-E2 interaction interfaces. The 16 E3s in the putative E2−E3 complexes that were predicted by Prism belong to different families: Rbx1, Rbx2, Mdm2, Xiap, Trim37, c-Cbl, Brca1, Traf6 and Birc3 are RING finger type; Huwe1, Nedd4l, Wwp1, Smurf2 and Ube3a are HECT type; and Ube4a and Ube4b are of the U-box type. These E3s appear to share the same E2s; however, different from the RING finger and U-box type E3s, HECT-type E3s utilize the second position residue in loop L1 of E2s. The identity of this residue in loop L1 is not conserved among E2s, but its contacts with HECT E3s seem to be conserved structurally and chemically. One example shown in Figure 4 is UBE2L3, an E2 that is involved in degradation of many proteins. We find that HECT E3s Nedd4l, Smurf2, Ube3a and RING finger E3s Traf6, c-Cbl and Rbx2 interact with the same E2, UBE2L3, using a shared E2 binding site. For Ube3a and cCbl, the complex structures with UBE2L3 are already available in the PDB, whereas for Nedd4l, Smurf2 and Traf6 the structural complexes are not known, although these interactions were reported in earlier works. 68−70 We modeled UBE2L3 interactions with Nedd4l and Smurf2 based on a known E2−E3 interface between UBE2D2 and Nedd4l (pdb code: 3jw0:AC) and the interaction with Traf6 is based on a known interface between the UBE2D1 and CHIP proteins (pdb code: 2oxq:AC). The interaction with Rbx2 is predicted by Prism. Figure 5 lists the interface and hotspot residues of UBE2L3. When we compare the chemical contacts of these interactions using MAPPIS, 71 we observe seven structurally conserved contacts for HECT E3s among five UBE2L3 residues: Arg6, Ala59, Pro62, Phe63 and Pro97; and seven structurally conserved contacts for RING E3s among five UBE2L3 residues: Pro62, Phe63, Lys96, Pro97 and Ala98. Among these, loop L1 residues Pro62 and Phe63 and loop L2 residue Pro97 appear to be conserved through all interactions of UBE2L3. These residues mostly make hydrophobic aliphatic and aromatic (π) contacts with E3 residues according to the MAPPIS 71 classification (see Figure 4 ) and thus they seem to be important in binding. Earlier work has supported this observation; Phe63 of UBE2L3 was shown to be recognized by both HECT and RING E3 ligases; c-Cbl and Ube3a. 16 Comparison of the chemical contacts of HECT and RING E3s (left and right panel of Figure 4 , respectively) reveals that the second position residue Ala59 in loop L1 of UBE2L3 appears to be utilized solely when interacting with HECT E3s. A previous study on E2 binding of Ube3a also reported this second position loop L1 residue as being important in HECT E3-E2 binding. 72 We observe that this alanine residue makes hydrophobic aliphatic contacts with Thr765 of Nedd4l and Ile559 of Smurf2 and Pro668 of Ube3a. When MAPPIS 71 is applied to known E2-HECT E3 (UBE2D2-Nedd4l, UBE2L3-Ube3a), E2-RING E3 (UBE2D2-Not4hp, UBE2L3-c-Cbl, and Figure 5 . Interface and computational hotspot residues of UBE2L3 interacting with E3s. Interface residues and hotspot residues of UBE2L3 are shown in cyan and red color, respectively. Comparison of HECT type E3s (Nedd4l, Smurf2 and Ube3a) and RING finger type E3s (Traf6, Rbx2 and c-Cbl) reveals that loop L1 of UBE2L3 is utilized differently. UBE2L3 uses the second position residue in loop L1 frequently as hotspot while interacting with HECT E3s. UBE2N-Traf6) and E2-U-box E3 (UBE2D3-Ube4b, UBE2D1-STIP1) complexes in the PDB, similar trends are observed: loop L1 second position residue contacts are only employed when interacting with HECT E3s. Although the residue type is not conserved among other E2s, for example, UBE2D2 utilizes threonine and UBE2N uses glutamic acid at the second position in loop L1, the contacts of these residues through HECT E3s are structurally conserved. Interestingly, this observation holds among almost all E2-HECT E3 interactions which might be associated with the distinctive ubiquitin transfer mechanism of HECT E3s (see Supporting Information, Table  S2 for E2 interaction interfaces). This unique residue contact might play a role in mediating the allosteric communication between E3 binding site and E3 active site, and thus make the ubiquitin transfer from E2 to HECT E3 possible.
Sequence Variations in E2 Residues May Contribute Specificity to E3 Binding: the UBE2E Example
The UBE2E family E2 proteins UBE2E1 and UBE2E2 are highly similar both in sequence and structure (97% sequence similarity and rmsd: 0.54 Å). The Prism results indicate that UBE2E1 and UBE2E2 share two E3 partners, Xiap and C-Cbl. Their remaining E3 partners are different: UBE2E1 specifically interacts with Mdm2 and Birc3 whereas UBE2E2 prefers to interact with Wwp1, Rbx2 and Ube3a. Earlier, van Wijk et al. 21 reported that UBE2E2 has shown an E3 interaction pattern distinct from the profile of UBE2E1. Since UBE2E1 and UBE2E2 are quite similar, we investigate which residues would be responsible for this interaction specificity. Figure 6A displays the interface and computational hotspot residues on UBE2E1 and UBE2E2 which bind to different E3s. The residues in the binding regions of UBE2E1 and UBE2E2 are identical except for three: the residue in the 12th position in the α-helix 1 (Asp58 in UBE2E1 corresponding to Glu12 in UBE2E2), the residue in the first position in loop L1 (Thr103 in UBE2E1 corresponding to Ser57 in UBE2E2) and the residue in the third position in loop L1 (Glu105 in UBE2E1 corresponding to Asp59 in UBE2E2). Interestingly, these residues are not utilized at the common interface of E3 partners Xiap and C-Cbl. In this way, these E3s are likely to interact with both UBE2E1 and UBE2E2. In contrast, the residue at the third position in loop L1 seems to be crucial in ensuring the interaction specificity of the UBE2E family. For UBE2E2, this Asp59 favors specific binding to Wwp1, Rbx2 and Ube3a whereas for UBE2E1, the same position residue Glu105 plays a role in Mdm2 binding. Another specific binding of UBE2E1 is with Birc3. For this interaction, UBE2E1 utilizes an α-helix 1 residue, Leu44, which does not occur in the UBE2E2 sequence. A previous study 21 reported the alteration of E3-interaction specificity of E2 UBE2N due to the mutation of its two helix 1 residues. This UBE2N mutant failed to interact with more than half of its E3 partners and gained some new interactions instead. 21 Similarly, for the UBE2E family, the mutation of loop L1 residues Glu105 and Asp59 for UBE2E1 and UBE2E2, respectively, would probably alter the E3-interaction specificity. To investigate the importance of the contribution of these residues to the binding energy of the complexes, we performed a computational mutagenesis analysis using FoldX algorithm, 33 whose force-field is based on emprical energy terms correlated with experimental ΔΔG measurements. 73 Using FoldX, loop L1 residues Glu105 (UBE2E1) and Asp59 (UBE2E2) are mutated to alanine and quantative estimations of the binding affinities of the wild-type and mutants are obtained. We observe that mutations of these residues in UBE2E1 and UBE2E2 that interact with the same E3s (Xiap and C-Cbl) do not affect the binding affinities significantly (ΔΔG = 0.3 kcal/mol on average). In contrast, for the specific E3 interactions of UBE2E1 and UBE2E2 (with Mdm2, Birc3, Rbx2, Ube3a and Wwp1), mutations have a destabilizing effect (ΔΔG = 1.2 kcal/mol on average). The most destabilizing is the mutation of loop L1 sixth position residue phenylalanine, which is identified as a computational hotspot by the Hotpoint server (ΔΔG = 1.9 kcal/mol on average). In Figure 6B left panel, the interactions of UBE2E1 and UBE2E2 with their common partner Xiap are illustrated. Xiap, which mediates the degradation of many proteins such as Caspase-3 and Smac, has been recently reported to interact with both UBE2E1 74 and UBE2E2. 22 A specific interaction of UBE2E2 with Ube3a is displayed on the right panel of Figure  6B . We observe that Asp59 (shown in cyan color) is utilized as an interface residue and its mutation is significantly destabilizing (ΔΔG = 2.6 kcal/mol). Consequently, while with mutation of this residue UBE2E1 and UBE2E2 may still interact with Xiap and C-Cbl, they will most probably fail to interact with other E3s. These findings illustrate how slight sequence variations in E2 residues may contribute to the specificity of E3 binding.
E2 Selection Based on Substrate and Subcellular Localization
E2 selection by an E3 may be affected or determined by the substrate that will be degraded since the substrate should be in close proximity to the E2 during the ubiquitin transfer. Subcellular localization of E2 and E3 enzymes may also affect the interaction preferences. To identify which E2−E3 interactions are more likely to occur in our network, we classified the E2 and E3 genes in our network according to their subcellular localization as defined by Gene Ontology 75 cellular component terms. We observe that many E2 and E3 enzymes are found both in the nucleus and in the cytoplasm and some are also found at the plasma membrane. The classification of E2−E3 interactions according to the cellular components, that is, the interactions in the cytoplasm, nucleus and plasma membrane, is illustrated in Figure 7 . The interactions appear to be localization-specific; for example, although Mdm2 ligase is ubiquitous (existing everywhere in the cell), its interactions are dependent on the localization of the E2. One substrate of Mdm2 is p53 tumor suppressor protein, which localizes to either the nucleus or cytoplasm and can be ubiquitinated and degraded by Mdm2. 76 In our network, to ubiquitinate p53, Mdm2 can select UBE2E1 or UBE2D1 in the nucleus, while in the cytoplasm it can additionally prefer UBE2D3, UBE2G2 and UBE2L6. Interactions with the UBE2D family and UBE2G2 were reported earlier. 21 Mdm2 can also be found at the plasma membrane, where it was shown to bind to Beta-arrestin 2 (βarr2), which is a regulatory protein playing a central role in the endocytosis of most G-protein-coupled receptors, 77 to drive its ubiquitylation. 78 According to our network, at the plasma membrane, Mdm2 can only interact with UBE2D3 to ubiquitinate βarr2.
Other than Mdm2, Huwe1 and Ube3a (also called E6-AP) are known to ubiquitinate p53, targeting it for degradation as well. 51, 79 To perform this specific function, Mdm2, Huwe1 and Ube3a most likely select similar E2s. Consequently, common E2 partners for these E3s would reveal which E2s would be selected in a substrate-specific manner. In our network, common E2 partners for Mdm2, Huwe1 and Ube3a are UBE2D family E2s (UBE2D1, UBE2D2, UBE2D3) and UBE2L6. Interactions between Ube3a and these E2s are experimentally known 68, 72, 80, 81 without E2−E3 complex structures. Since Huwe1 is a recently identified E3 ligase, many of its interaction partners are not known. We observe that most of the interface residues on E2s are shared indicating that these E2s can interact with only one E3 at a time. When we compare the global energies of the putative E2−E3 complexes computed by FiberDock, we see that Mdm2 binds most favorably to UBE2D1 (global energy: −26.14 kcal/mol) in the cytoplasm and the nucleus whereas Ube3a prefers UBE2L6 (global energy: −45.32 kcal/mol) in the cytoplasm and UBE2D1 (global energy: −24.9 kcal/mol) in the nucleus. The most favorable E2 partner for Huwe1 is UBE2D2 (global energy: −23.38 kcal/mol), for which cellular component information is not available. The calculated Fiberdock energies for these E2−E3 complexes are listed in Table 1 . For each E3 interacting with E2s, the binding energies seem to be close to each other, which is consistent with earlier studies that reported similar binding affinities for a common E3 interacting with multiple E2s. 19, 45, 82 Depending on which substrate is ubiquitinated and where it is ubiquitinated in the cell, E2 selection of E3s may vary. Our E2−E3 models provide a source for future investigation of selectivity.
■ CONCLUSIONS
Substrate ubiquitination is mediated by the interactions between E2 enzymes and E3 ligases. Although these E2 and E3 proteins function in a concerted manner, the principles of selectivity between them are still not entirely understood. Here we address E2−E3 interactions in the human proteome by taking a structural approach, and computationally model E2− E3 complexes based on interface structural motifs. By exploiting the available structural proteome and the powerful Prism algorithm, 23−25 we construct a human structural E2−E3 interaction network. The results indicate which E2s are likely to interact with which E3s and how they could interact. Analysis of the modeled interfaces of E2−E3 pairs elucidates binding patterns: some residues are structurally conserved among E2 proteins and appear to be essential for all E2−E3 interactions, whereas others, particularly in loop L1, appear to play important roles in E3 selectivity. Further, classification of E2 and E3 enzymes according to their subcellular localization would reveal which E2−E3 pairs are more likely to occur in each cellular component and how the E2 preference may vary depending on the substrate.
Several E3s have been implicated in disease, including cancer and neurodegenerative diseases. 83 Recently various HECT-E3s have emerged as important regulators of cancer development. 84 RING-finger E3s are classified as either tumor suppressors or oncoproteins and are often overexpressed in cancer. 83 Therefore, in disease processes, to block the activity of E3s, inhibitory molecules can be developed which target E3−E2 interface or E3−ubiquitylation substrate interface. In this study, we focused on predicting and analyzing E2−E3 pairs in the human ubiquitination pathway. We believe that the structural E2−E3 network and the E2−E3 interface data in this study provide a resource for future studies of ubiquitination and E2−E3 selectivity, especially in discovering drug candidates targeting E3s.
■ ASSOCIATED CONTENT * S Supporting Information Table S1 . Human structural E2−E3 interaction network constructed by Prism algorithm. 
